Abstract-A mode1 has been formulated to describe the quasi-steady-state gasification of coal-derived chars in gas mixtures where both the reactants carbon dioxide and steam, and the gasification products carbon monoxide and hydrogen are present. As such, these conditions reflect the situation found in most practical gasification systems.
INTRODUCTION
An important aspect of the mathematical modelling of coal gasification reactors is the description of the comparatively slow reaction of coal-derived chars with carbon dioxide and steam. Especially in the case of fixed and fluid&d bed reactors, the operating conditions are generally such that the ratecontrolling step in this reaction is formed by the intraparticle mass transfer of reactants and reaction products. As will be shown elsewhere for fixed bed gasifiers [I], the overall gasilication rate of chars in carbon dioxide and steam may iniluence the design of practical gasification reactors.
Whereas the subject of kinetically controlled gasiiication has received much attention, comparatively little is known about the role of intraparticle mass transfer and the role of the char pore structure. In particular, this applies to those cases where more than one oxidant is present. Mass-transfer-controlled gas& cation of chars is sometimes modelled along similar lines as the reaction and diffusion in catalyst particles. However, some marked differences exist. The pore structure of chars is distinctly different from that found for most catalyst particles. In addition, the char is consumed in the course of gasification and the pore structure changes signiticantly. It is well known that the counteracting phenomena of pore growth and pore overlap can give rise to substantial variations of the reactive surface area during burnout. As was shown recently by Srinivas and Amundson [2] , this factor cannot be neglected. During conversion of a char 'Present address: Dutch Philips Companies-Glass, HBU, 5600 MD Eindhoven, The Netherlands. particle, the porosity increases_ This has a dramatic influence on the mass transport parameters. Desai and Yang [3] demonstrated that the use of a constant effective diffusivity may lead to large errors in the predicted conversion-time behaviour of a char particle. Therefore conversion-dependent effective transport parameters should be used.
In the case of catalyst particles, it is usually assumed that concentration gradients can develop only in the direction of macroscopic flow. The fiux equations are thus solved with the intraparticle radial distance as the characteristic length-scale. For all pores, located at the same macroscopic position within the particle, the reaction conditions are thus assumed to be uniform. This "smooth-field" assumption [4] may be valid for coarsely porous particles, with a highly interlinked pore system. In contrast, coal chars are known to have a wide pore size distribution. Moreover, most of the reactive surface area is concentrated in the micropore regime and therefore heteroporosity effects may be important. The question of pore interconnectivity was treated explicitly by Simons and Finson [5] and Gavalas [6] . On the basis of the pore tree model, presented by the former, the validity of the smooth field approach will be discussed.
Both Hashimoto and Silveston [7] and Wen and Wu [S]
have analysed the mass-transfer-controlled gasification of chars by a single oxidant. The presence of reaction products was neglected and therefore the treatment could be simplified to the calculation of particle effectiveness factors on the basis of the Thiele modulus. It is well known that the rate of char gasification in carbon dioxide or steam can be influenced strongly by the presence of the reaction products carbon monoxide and hydrogen. If these A. BLIEK er al. species are present, the diffusion of both products and reactants must be considered. Even for the case of a single oxidant and a single reaction product, only approximate solutions for the Thiele modulus are known [9]_ In the case of char gasification in synthesis gas mixtures, various reactions proceed simultaneously and analytical approximations on the basis of the Thiele modulus are not available. Therefore the solutions must be obtained by numerical analysis.
A further complication arises from the fact that gasification reactions are accompanied by a net mole flux, or, better, a net momentum flux. Hence, intraparticle pressure gradients will develop. For dilute systems, or when the molecular weights of all flowing species are approximately equal, the component fluxes are given by the Stefan-Maxwell equations. These equations were applied by Yang In the present model the dusty gas flux equations [12] will be applied, as these are, at least fundamentally, more correct than the Stefan-Maxwell equations.
As is illustrated above, the mathematical modelling of mass-transfercontrolled gasification of chars in synthesis gas mixtures involves multicomponent mass transfer under the combined action of pressure and composition gradients, non-linear kinetics due to product inhibition and both a varying internal surface area and varying mass-transfer parameters during char burnoff.
MODEL FORMULATION

General assumptions
The model outlined below describes the masstransfer-controlled gasification of a single char particle in a gaseous environment consisting of a mixture of CO, COr, H,O, H+ and NP, as found in air-blown gasillers. The gasification process is assumed to attain a quasi-steady state and the ambient conditions of the particle are fixed in time. It will be shown that the intraparticle temperature gradients are small and therefore the particle is assumed to be isothermal.
The model is applied to two coal-derived chars with distinctly different structural parameters and intrinsic reaetivities. The impact of the main imposable variables on the particle effectiveness factor will be discussed and the intraparticle conditions for various cases will be presented.
Kinetics of gas&fication
The gasification of chars in synthesis gas mixtures proceeds through the reaction of carbon active sites with carbon dioxide and steam. In the case of highpressure gasification, the direct hydrogenation of surface methylene groups to methane may also have to be included. In our model this reaction will be ignored. Along with two heterogeneous reactions, the homogeneous shift reaction is also accounted for: 
The rate and equilibrium constants for the two chars presently investigated have been reported elsewhere [1] and are listed in Table 2 . It was also shown that the overall carbon conversion rate can be expressed in good approximation as:
The homogeneous shift reactions are assumed to be infinitely fast so that equilibrium is attained anywhere in the char particle [ 131: 
The development of the internal surface area of a char particle during bumoff is governed mainly by its initial pore structure. For coal-derived chars it is often observed that the specific surface area per unit of particle volume attains a maximum as a function of the bumoff, This can be attributed to the opposing effects of pore growth and pore overlap. For solids with a pore size distribution, both Hashimoto and Silveston 
The initial char porosity e;, the initial internal surface area S; and the surface area development parameter @ are listed in Table 2 .
A pore model for chars
It is well known that coal-derived chars have a wide pore size distribution, ranging from super-micropores to microcraeks [15] . As the active surface area is largely concentrated in the micropore regime, it is In the case of porous solids with a bimodal pore size distribution, it is often assumed that micropores radiate from macropores (see, for instance, [16]). Here, a similar approach is taken. It will be assumed that macropores act as the main carriers of reactants and reaction products, whereas their contribution to the heterogeneous reactions is negligible. On the other hand, the micro-and mesopores are assumed to radiate from these feeder pores. Hence, micro-/ mesopores play no role in macroscopic transport and only act as a source of reaction products and as a sink of reactants. On the scale of a particle, the pore structure can be considered homogeneous, with randomly located feeder pores and a homogeneously distributed reactive surface area. Hence, the tlux parameters for macroscopic transport are not influenced by the particle size, as long as the particle size does not approach the mean size of the feeder pores. On the scale of a macropore, the pores are not necessarily distributed in a random fashion.
In this respect opposing views are taken by Gavalas [6] and Simons and Finson [S]
. In both treatments the question of pore interconnectivity is discussed. Gavalas concludes that small pores end up mainly in larger ones, through two intersections. In contrast to this, Simons and Finson conclude that all pores end up in larger ones through a single intersection. According to these authors, the pore system would therefore resemble a tree-like system. Because all pores ultimately end up in the solid structure, the tree model implies that char particles are impermeable. Obviously this cannot be true, unless in the limit of extremely small particles. For larger particles, some pores must be well crosslinked with others. In our view, this applies mainly to the system of macropores. Therefore the pore tree model will be used here as an extreme case with respect to pore interconnectivity, valid only for the micro-/mesopore system. The maximum size of a tree-like pore system is governed by constraints with regard to the pore wall area of the tree, which must obviously be smaller than the specifk surface area of the whole particle. Using the relations presented by Simons and Finson [5] , it is easily shown that the pore tree system cannot apply for pores larger than 0_2-0_4~tm. The point to be made here is that for this range of maximum pore tree size, the pore tree effectiveness factor is close to unity for temperature levels up to 1400°C (see Appendix A). Consequently we need not concern ourselves with the way in which the micro-/mesopore system is connected to the feeder pore system, and the smooth-field approach may be assumed valid.
In the present treatment the char pore structure is assumed to consist of large feeder pores, from which smaller pore branches radiate (Fig. 1) . The existence of "bottle-neck" pores is ignored and the feeder pore system is assumed to be well interlinked and homogeneously distributed. As will be shown in the next section, diffusion in the major part of the feeder pore system is in the continuum regime. For this reason the overall diffusivity is not affected much by the pore size distribution. In other words, the feeder pore system can be considered homoporous, which allows us to use the dusty gas model, with empirically derived diffusive and viscous permeabilities. 
2.4.
In fact, inequality (7) states that a net transfer of momentum must exist in order to bring about intraparticle pressure differences. This condition is met in the case of char gasification, since in this process a net transfer of carbon out of the particle exists. For this reason the flux equations are derived from the dusty gas model, which was formulated in a suitable compact form by Mason 
I"
(ds-1)
Di,, = C2 (m2s-') (11) with C2 = 1.86x 1O-22
For a binary C02-N2 mixture it is easily shown on the basis of eqs (9F( 11) that B,,P/pm > D,, > D1., for pores larger than 2pm. For the largest part of the feeder pore system in coal-derived chars this holds, and consequently the dusty gas model can he simplified to its continuum limit:
(XilDij) j=1
For an n-component mixture, only (n -1) equations of the type of eq. (12) are independent. The set is completed by the pressure equation (13) The application of the dusty gas model to coalderived chars has recently been criticized by Yang and Liu [23] . As was correctly stated by these authors, the dusty gas model was derived under the assumption of homogeneously distributed dust particles. When the model is applied to porous solids, the solid structure must in fact be homoporous. For heteroporous solids, such as chars, corrections must be made [24,25-J. At present, the dusty gas equations are applied to the macropores, which can be assumed homoporous, as discussed in Section 2.3. Therefore the application of the dusty gas model will not result in significant errors.
Mass-transfer parameters.
The transport parameters De, j and D ;, j can be expressed in terms of solid permeabilities:
(15)
The permeability factors k,, k, and B,are a function of the pore structure only. As was shown by Feng et al.
[26] and by Chen and Rinker 1251, these permeability constants can be related to the internal surface area and pore size distribution of a solid. However, it is always necessary to introduce simplifying assumptions, for instance with regard to the pore shape or the existence of dead-end pores. Also, in the case of char gasification, the pore structure changes rapidly with conversion. Therefore we prefer to use empirical relations, which account for the conversion of the solid. Because the dusty gas model is applied in its continuum limit, the Knudsen diffusivity need not be considered. it was shown elsewhere [l] that the viscous and continuum diffusion permeabilities of coal chars can be related to the particle porosity Em by empirical equations: . In view of the inconsistencies discussed above, we therefore feel that the assumption of continuum diffusion control is reasonable, and that incorporation of Knudsen diffusion effects is not really justified. At higher bumoff levels this conclusion can be expected to hold even more.
Conservation equations
In the present model the effects of intraparticle heat transfer are ignored. This can be justified on the basis of the small intraparticle temperature gradients. In the case of a single oxidant, the maximum intraparticle temperature difference can be estimated from the Prater criterion for strongly diffusion controlled reactions 
For the carbon-CO, reaction at 14OOK, with AZ= 2 Jm-' K-r s-r, Xi = 0.5, P = 0.1 MPa, AH, = 174KJmol-' and Dtm = 10-5m2s-1, the maximum intraparticle temperature difference is estimated to be 4 K. An exact value of AT for char gasification in synthesis gas mixtures can be obtained from the numerically calculated composition gradients. This showed that for the conditions investigated the maximum intraparticle temperature difference does not exceed 7 K.
For the five-component mixture considered here, four independent flux equations are derived from eq. 
The consumption of steam and carbon dioxide is governed by the heterogeneous reactions, according to eqs (1) and (2), as well as by the homogeneous shift reaction. As the homogeneous shift reaction is assumed to be at equilibrium anywhere in the particle, the conservation equations for steam and carbon dioxide are replaced by the conservation equation for carbon and the homogeneous shift equilibrium condition, eq. (4):
Carbon balance: ~V{r2CNco+Ncol~ = R,.
The local volumetric reaction rate R, depends on the intrinsic reactivity and on the local internal surface area:
R,= {R,+RII)p,SO,(l-XX,)C1-_Zn(l-XX,)l"Z
It will be assumed here that the ash layer surrounding the char particle segregates when a critical char conversion of 0.94 is attained. This assumption governs the change in size of a particle during burnout.
The total set of equations describing the system investigated contains 11 parameters, namely five fluxes, five mole fractions and the pressure. Using the conservation equations (20)-(22), the shift equilibrium condition (4) and EXi = 1, five variables can be eliminated, for which we arbitrarily take the mole fluxes of hydrogen, steam and nitrogen, as well as the mole fractions of carbon dioxide and nitrogen. Using the five dusty gas flux equations (12) and (13) the mole fraction gradients for all components can be expressed as a function of the remaining variables XHI, Xu.o, Xc07 NC07 Nco, and P. Numerical calculations can now be started with known values of Xu,o, X+.and X co in the gas film surrounding the particle. Inmally N,, and NcO, are guessed. The value of one of these parameters, for instance NW=, can be improved by iteration at each place-level, using the carbon balance (23). In this way, a forward finite difference scheme is started with only one unknown variable, in this case N,.
The initial estimate of N, is improved by iteration over the whole particle, until the particle centre boundary conditions are satisfied.
Boundary conditions
The interphase mass transfer between the particle and the ambient gas is described on the basis of the tilm theory. Because a net mole flux out of the particle exists, the mass flux equations are formulated for simultaneous diffusive and convective Row, with corrected gas film mass-transfer coefficients Although the shift reaction equilibrium is assumed to be satisfied for the bulk of the gas phase as well as for the gas-solid interphase, it is not necessarily satisfied within the gas film because the gas film concentrations are governed by the diffusivities of the flowing species. Deviations from shift equilibrium in the gas film can be expected to be small, however, and this effect is ignored.
RESULTS AND DISCUSSION
The modelling equations were solved by numerical procedures, which will not be treated here. The gasification behaviour of a single char particle was analysed for a standard set of conditions, where only one parameter was varied at a time. It should be noted, however, that the gasification temperature and the bulk gas composition are coupled through the homogeneous shift equilibrium relation. Therefore these parameters cannot be varied independently. In the present case the bulk mole fraction of hydrogen and nitrogen were treated as the dependent variables. Hence, different gasification temperatures result in a corresponding change in the bulk hydrogen and nitrogen mole fraction.
The main variables governing the gasification behaviour of a single char particle are the particle size, the particle porosity and the gasification temperature. For the low-temperature regime, also the presence of hydrogen, which is a strong inhibitor, may affect the gasification rate.
Especially low-porous char particles rapidly enter the mass-transfer-controlled gasification regime when the temperature is raised. This is accompanied by the development of intraparticle mole fraction gradients for all species present. A typical example of the intraparticle gas composition is presented in Fig. 2 . Steep gradients may exist in particular for CO, because 1 mol of CO2 produces 2 mol of CO. The homogeneous shift reaction may produce an additional amount of CO. In comparison, the mole fraction gradient of hydrogen is quite small. This is a consequence of both the reaction stoichiometry, as 1 mol of H,O produces only 1 mol of Hz, and of the high diffusivity of hydrogen. It is interesting to investigate the impact of taking an infinite binary diffusivity for hydrogen, as was proposed by Srinivas and Amundson A comparison between the particle effectiveness factor in the case of a finite hydrogen diffusivity and in the case of an infinite hydrogen diffusivity is presented in Fig. 3 . The particle effectiveness factor is defined here as the ratio of the reaction rate to the reaction rate only a small impact on the particle effectiveness factor at bulk conditions: qp, defined by eq. (30). Therefore, this simplifying s approach seems to be justified.
R,dV
The existence of a mole fraction gradient for ni-
trogen reflects the fact that gasification reactions are accompanied by a net transfer of momentum out of the particle. The diffusive flux of nitrogen into the particle Despite the fact that, as such, the intraparticle mole is balanced exactly by the convective flux out of the fraction gradients for hydrogen are not negligible, particle, as obviously the net flux of nitrogen must be taking an infinitely high value for this diffusivity has zero. For chars with a high porosity, and a correspondingly high value of the diffusive permeability, the steepness of the intraparticle mole fraction gradients is reduced, as is apparent from a comparison of Fig. 2 with Fig. 4 . This suggests that the diffusive permeability k, has a considerable impact on the particle effectiveness factor qp. This impact is shown explicitly in Fig. 5 .
The pertinent mass-transfer coefficients in the reaction system studied here are the diffusive permeability k,, the viscous permeability 8, and the gass film mass- (Fig. 6 ) and the influence of B, is even totally absent (Fig. 7) . Because the intraparticle diffusivities , I I 1 I are small as compared to the gas tllm diffusivity, the o-5 -+-(-1 1.0 bulk gas composition and the gas composition at the P gas-solid interphase are nearly equal. Only for Sh < LO does an effect of the gas fdm mass transfer become Fig. 4. (a) . A. BLIFX et al.
ponent flow in the case of catalysed methane reforrnof the strongly non-linear Langmuir-Hinshelwood ing. Both results suggest that also in the case of kinetics. For this reason also, the gasification process multicomponent mixtures the influence of B, on the shifts rapidly to the chemically controlled regime for particle effectiveness is absent, as long as diffusion is in low temperatures. Even large particles adopt a homothe continuum regime.
geneous reaction behaviour at low temperatures, as is The gasification behaviour of a char particle for indicated in Fig. 10(a) . At higher temperature levels the various temperatures and partide sixes is indicated in gasification process shifts to a shrinking core reaction The conversion rate of a single particle is only moderately affected by the ambient pressure level, as the reaction order of the heterogeneous char gasification reactions is close to zero (Fig. 12) .
From the results of the present investigation it can be concluded that the main rate-controlling parameters during the gasification of a single particle are the gasification temperature, the particle size and the diffusive permeability of the particle. In addition, it was shown that macropore diffusion rather than micropore diffusion is rate-controlling.
IBecause of the strong influence of the porosity on the diffusive permeability, it is essential to incorporate a conversion-dependent diffusivity in simulation models. The influence of the gasification temperature on the overall rate is strong, especially for the lowtemperature regime. This is a result of the non-linearity of the L-H rate equations. Hence, the use of an 
Equations (41) and (39) suggest that the pore tree Thiele modulus increases with increasing pore mouth sixes. Therefore large pore trees tend to be diffusioncontrolled. Althougb Gavalas [6] used a random pore model instead of a tree model, he arrived at the same conclusion.
The maximum sire of a pore tree is governed by constraints with regard to the total pore volume and the total internal surface area of a particle. On the basis of the model equations presented by Simons The results for the anthracite char presently investigated are presented in Fig. 13 . When it is kept in mind that the trunk size dt, is limited to 0.4pm, the results indicate that the micropore effectiveness factor exceeds 0.9 for temperatures up to 1400°C. Therefore the smooth-field assumption applies up to this temperature level for the conditions given in Fig. 13 .
